Recently, ambient occlusion, quantified through portion de ciel visible (PCV) was introduced as a method for quantifying dental morphological wear resistance and reconstructing diet in mammals. Despite being used to reconstruct diet and investigate the relationship between dental form and function, no rigorous analysis has investigated the correlation between PCV and diet. Using a sample of platyrrhine and prosimians M 2 s, we show average PCV was significantly different between most dietary groups. In prosimian, insectivores had the lowest PCV, followed by folivores, omnivores, frugivores, and finally hard-object feeders. In platyrrhines, omnivores had the lowest average PCV, followed by folivores, frugivores, and finally hard-object feeders. PCV was correlated to two topographic variables (Dirichlet normal energy, DNE, and relief index, RFI) but uncorrelated to three others (orientation patch count rotated, OPCR, tooth surface area, and tooth size). The OPCR values here differed greatly from previously published values using the same sample, showing how differences in data acquisition (i.e., using 2.5D vs. 3D surfaces) can lead to drastic differences in results. Compared to other popular topographic variables, PCV performed as well or better at predicting diet in these groups, and when combined with a metric for size, the percent of successful dietary classifications reached 90%. Further, using an ontogenetic series of hominin (Paranthropus robustus) M 2 s, we show that PCV correlates well with probability of wear, with PCV values being higher on the portions of the occlusal surface that experience more wear (e.g., cusps and crest tips, wear facets) than the portions of the tooth that experience less. This relationship is strongest once wear facets have begun to form on the occlusal surface. These results highlight the usefulness of PCV in quantifying morphological wear resistance and predicting diet in mammals.
Introduction
Dental topography has become a popular method for inferring diet from tooth shape in mammals [1, 2] . While methods for quantifying tooth shape in a dietary manner have existed for position, food mechanical properties), areas that are more exposed have a higher probability of contacting the food bolus/opposing tooth during a chewing cycle and thus have higher PCV values than areas that are less exposed. In this respect, the average PCV on a tooth can provide a gross estimate for morphological wear resistance (Fig 2) . Please see the Discussion section PCV as an indicator of morphological wear resistance for further discussion about the correlation between PCV and morphological wear resistance and its limitations.
PCV has been used in two dental studies. The first investigated the relationship between four dental topographic variables (PCV, DNE, RFI, and OPCR) and four metrics of hardobject feeding efficiency using a set of theoretical molars [23] . It was concluded that none of the metrics tested, including PCV, was correlated to hard-object feeding efficiency. The second investigated changes in PCV between four groups of South African hominins (Australopithecus africanus, Paranthropus robustus, Homo naledi, and Homo sp.), and showed significant differences existed between taxa [17] . They concluded differences in morphological wear resistance (PCV) were likely due to an increase in intrinsic (e.g., phytoliths) or extrinsic (e.g., dust, grit) dietary abrasives. This paper has two goals. The first goal is to quantitatively test PCV's ability to predict diet in two groups of primates. As taller structures do a more efficient job at "shading" the tooth than shorter ones, which are, overall, more exposed to ambient light, we predict teeth with high cusps are likely to have lower average PCV values that teeth with low cusps. In primates, folivores and insectivores tend to have taller crowned M2s with higher cusps compared to omnivores, frugivores, and hard-object feeders [11, 15, 19, 20, 24, 25] . As such, we predict folivores and insectivores will have lower average PCV values than omnivores, frugivores, and hard-object feeders. The second goal is to qualitatively investigate the relationship between PCV and morphological wear resistance using a cross-sectional series of worn molars.
Materials and methods
We used a sample of 209 primate minimally worn mandibular second molars (LM 2 s), representing two groups (Prosimii, n = 111; Platyrrhini, n = 110) and five dietary categories (insectivore, folivore, omnivore, frugivore, and hard-object feeder) to test the relationship between average molar PCV and diet. The majority of this sample was used in previous dental topographic studies [11, 15, 18, 19] , and are freely available at www.morphosource.org [26] . Five teeth obtained from www.morphosource.org were not part of the aforementioned studies (see supplementary information for specimen list).
Information on the digital procurement of these data can be found in published work [11, 15, 20] . The same dietary categories used by [11, 15, 18, 20] were also used here, and can be found in S1 Table, with two changes. Galago alleni, previously classified as an omnivore, was classified as an insectivore with the other galagos here, and Nycticebus javanicus, which was classified as "unknown" in [18] , was classified with other Nycticebus in this study as an omnivore.
Downloaded teeth were imported into Geomagic Studio and rotated 180˚, if necessary, so the occlusal surface was pointed in the positive z-direction. Teeth were otherwise not reoriented, as the teeth were already in standardized orientations [11] , and PCV is certainly sensitive to tooth orientation. How sensitive PCV is to orientation has not been quantified and will almost certainly be affected by factors like relative tooth and cusp height, as relatively taller teeth and cusps will block more ambient light as they are rotated, but teeth/cusps with lower relief will be less affected by reorientation. Teeth were not cropped, and the entire enamel cap (EEC) was used for topographic analysis [17] . Teeth were down sampled to a target of 10,000 triangles/polygons and smoothed using the smooth surface command (lambda = 0.6, iterations = 100) in AVIZO 8.1 for comparability with other topographic studies that have used this sample [15] .
Dental topographic quantification
PCV was calculated using CloudCompare [27] , an open source point cloud and mesh processing software (http://www.danielgm.net/cc/).
� .ply surface files were uploaded into CloudCompare, and PCV was calculated using the "PCV" command in the "Portion of Visible Sky" (PCV, portion de ciel visible) plugin. (Note: PCV was calculated on the mesh and not the vertices.) This plugin calculates the PCV at each vertex from the positive z-direction downward using an algorithm equivalent to that found in ShadeVis (http://freshmeat.net/projects/ shadevis; [28, 29] ). A "Sample rays on a sphere" was selected, and a default count of 256 was used with the "only northern hemisphere (+Z)" box ticked. PCV values were then averaged using the Fit a Statistical Model to Scalar Field command (Gauss distribution) to give one PCV value for the tooth. Although the density distribution of the PCV values is not normal, the Gauss distribution calculates the mean PCV value. The density distribution can be exported at this stage, should it be desired for further statistical analyses.
MorphoTester was used to calculate three other dental topographic metrics (DNE, OPCR, and RFI) to compare the strength of the relationship between PCV and diet compared to that of other published metrics [12] . 1% outlier removal was used for DNE (i.e. reporting on the bottom 99% of the Energy x area in Outlier removal)-this is equivalent to DNE99 in [17] . A minimum patch count of 3 was used for OPCR, and RFI was reported as the natural log of the square root of 3D enamel surface area divided by 2D projected area [11] . Tooth size has been shown to be correlated to diet in primates [30] , and increases the ability for dental topographic measures to predict diet [15] . Although classically quantified with length and width measurements, which are analogous to 2D projected area (herein, tooth size), it can be also be quantified by enamel surface area (SA). As such, the relationship between SA, tooth size, and diet will also be investigated.
Statistics
Statistical analyses were performed using R v3.4.2 and RStudio v1.0.136 with the package MASS [31, 32] . A two-way analysis of variance (ANOVA) was run to investigate the effect of phylogenetic group and diet on topographic metrics. As the interaction between group and diet were significant for all variables except OPCR (Table 1) , platyrrhines and prosimians were analysed separately.
One-way ANOVAs with Tukey Honestly Significant Difference (HSD) pairwise comparison tests were run within each group to investigate the differences in topographic values due to diet. Linear discriminant function analyses (DFAs) were run for platyrrhines and prosimians separately and together to test the predictive ability of PCV compared to the other variables within groups and primates. The lda function, part of the MASS package in R, was used with leave-one-out cross-validation and prior probabilities of class membership set to be equal [33] . Although equal prior probabilities and unequal samples per diet group could lead to biased results, one of the uses of dental topography is to perform dietary reconstructions. During these reconstructions, researchers do not know the diets of the extinct taxa, and thus the prior probabilities would be unknown. Here, we wanted to mimic this situation.
As PCV has previously been reported to be correlated to other topographic variables [17, 23] , Pearson's correlations were run between all topographic variables. Data were not separated by group, as we were interested in general correlations between variables. For all analyses, significance was determined at a value of p = 0.05 and Bonferroni corrections were used when appropriate.
PCV and morphological wear resistance
Five P. robustus LM 2 s from [17] were chosen to investigate the relationship between PCV and morphological wear resistance. The molars represented five unique degrees of wear, ranging from essentially unworn to low to moderate dentin exposure [34] . Contour plots depicting variation of PCV values over each tooth were used to investigate the relationship between PCV values and molar wear.
Results
Averages and standard deviations of dental topographic values for each group and dietary category are presented in Fig 3 and Table 2 . Raw values are published in the supplementary material (S1 Table) . PCV is generally highest for hard-object feeders, followed by frugivores, omnivores, folivores, and lowest for insectivores (S2 Table) . Results from two-way ANOVAs indicated significant interactions between group and diet factors for all topographic variables except OPCR ( Table 1 ). As such, one-way ANOVAs were used to examine the effect of diet on topographic variables in platyrrhines and prosimians separately. One-way ANOVAs revealed all topographic variables except OPCR were correlated to diet, though it should be noted that OPCR did significantly vary with diet in the two-way ANOVA (Table 3) . Tukey HSD results showed differences between dietary categories occurred more often for PCV, DNE, and RFI in prosimians (Table 4) , and more often for SA and tooth size in platyrrhines (Table 5) . Significant correlations occurred between many of the variables, with PCV being negatively correlated to DNE and RFI, and uncorrelated to OPCR, SA, and tooth size (Table 6 ). Linear DFAs showed that, when only one topographic variable is used to predict diet, PCV had the highest successful classification rate in group specific analyses, and the second highest classification rate in the combined analysis (Table 7) . Including size increased successful classification, and both SA and tooth size produced similar results. As the inclusion of additional variables always increases the fit of a model, the highest percent classifications occurred when PCV, DNE99, RFI, and OPCR were used together with a metric for size.
In the wear series of P. robustus molars, areas of the tooth that have a higher probability of contacting a food bolus/opposing tooth during a chewing cycle have relatively higher PCV values. This is highlighted by the sections of high PCV on the expanding wear facets (Fig 2: P. robustus PCV values and surfaces from [17] ). The first molar (SK25) is essentially unworn, and the highest PCV values are on the cusp tips and crests, where wear facets tend to develop. However, PCV appears to be equally high on all cusp and crest tips, and not just those that will wear first. SK55b is mostly unworn with low levels of wear on the protoconid and hypoconid, and these cusps have a higher average PCV (as indicated by the lighter coloured areas), with the areas of highest PCV corresponding with the developing wear facet. Relative to SK55b, the protoconid and hypoconid of SK1587 have higher PCV, which correspond with the expanding wear facets. Other areas of the SK1587 LM 2 have also begun to wear and are showing larger areas of high PCV.
PCV at the wear facets was compared to the rest of the tooth by calculating PCV for the entire tooth, then individually isolating the wear facets using the "segment" tool in CloudCompare. All wear facets were merged into the same mesh (edit->merge) and average PCV was calculated for the wear facets and surrounding tooth, separately. The wear facets on this tooth have a higher average PCV value (PCV = 0.830) than the rest of the tooth (PCV = 0.575), showing these light patches do, in fact, correspond with higher PCV values. By the time the molar has almost worn flat, but dentin has not yet been exposed (SK858), almost the entire occlusal surface of the tooth has a large patch of high PCV. Once dentin is exposed (SK1586, LLM 2 mirrored for visualization), the enamel ridges, which serve to break foods down, have a much higher average PCV (PCV = 0.893) than the dentin pools (PCV = 0.622) and the rest of the tooth (PCV = 0.707). This is because the occlusal enamel is a nearly perfectly flat surface, with little curvature and no tall structures to obscure the ambient light, so the surface is highly exposed to ambient light.
Discussion
Average ambient occlusion, quantified through PCV, differed significantly between dietary categories in two major primate groups, and performed as good or better than the other metrics at predicting diet from tooth shape (Tables 3 and 7 ). In prosimians, insectivores had the lowest average PCV values, followed by folivores, omnivores, frugivores, and hard-object feeders. In platyrrhines, omnivores had the lowest average PCV values, followed by folivores, frugivores, and hard-object feeders ( Table 2) . Differences in the placement of the omnivore category between platyrrhines and prosimians could be due to the dietary classification used for Saimiri. Here, we used a similar sample as in [15] , where Saimiri was categorized as an insectivore in the platyrrhine-only analyses, and an omnivore in the platyrrhine + prosimian analyses. This is because, while Saimiri appears insectivorous compared to the other platyrrhines sampled, it appears omnivorous compared to prosimians. Because of this, Saimiri may represent an intermediate morphology between an omnivore and insectivore. As it was classified as an omnivore here, this would explain why platyrrhine omnivores have a lower than expected average PCV.
Tukey HSD tests revealed that, within prosimians, more statistical differences occurred in PCV between dietary categories than any other topographic variable, indicating it performed the best at differentiating taxa based on dietary categories. There were 9 significant differences in PCV, 8 in both DNE99 and RFI, 3 in both SA and tooth size, and no significant differences in OPCR. In platyrrhines, both SA and tooth size had the highest number of differences between groups (6 and 5, respectively), followed by RFI and PCV (5), DNE99 (4), and OPCR (0). When only shape variables are considered (PCV, DNE, RFI, and OPCR), PCV tied with RFI as the most effective variable for differentiating taxa based on diet. The differing relationship between size (SA and tooth size) and diet in the two groups is interesting, and indicates metrics of M 2 size are better indicators of diet in platyrrhines than prosimians (see also [15] for further discussion on tooth size and group-level differences in functional morphology).
The lack of significant differences in OPCR is intriguing, particularly as dietary differences in OPCR were found in platyrrhines and prosimians in [15] , which used much of the same sample. The boxplots of DNE, RFI, and OPCR from Fig 2 in [15] are comparable to the boxplots of DNE, RFI, and OPCR in Fig 3 here . The same pattern of results are exhibited in the DNE and RFI boxplots, but the boxplots for OPCR are different, where larger differences exist in OPCR between dietary categories in [15] . Tukey HSD results are not comparable between studies, as [15] collated platyrrhines and prosimians into one, homogeneous, group, but they were kept separate here. However, [15] found two significant differences in average OPCR between dietary categories (folivores-hard-object feeders and omnivores-hard-object feeders), where none were found here.
Differences in OPCR values for the 216 individuals used in both studies were investigated further. OPCR values were higher here for 202/216 (93.5%) of those individuals (Fig 4) , with differences ranging from -72.375 to 13.75 (difference = OPCR Berthaume et al. (2019) − OPCR Winchester et al. (2014) ), which are large relative to the range of possible OPCR values (30.125-121.5) . A one-way ANOVA revealed dietary categories were correlated to differences in OPCR values (df = 4, F = 19.3, p < 0.0005; Fig 5) , with larger differences being found in insectivores and folivores than hard-object feeders and frugivores. Differences are likely due to differences in surface processing prior to OPCR calculation. [15] followed the protocol put forth by [9, 35] , which utilized raster-based grid data, essentially making the tooth 2.5D, and here, OPCR was calculated using a 3D polygonal mesh [12] . These results confirm the conclusions of [16, 36, 37] , that OPCR values gathered with these two methodologies are not directly comparable.
Previously, PCV was shown to be negatively correlated to RFI but not DNE or OPCR in a set of theoretical molars [23] , and negatively correlated to DNE and RFI and positively correlated to tooth size in a set of hominin M 2 s [17] . Here, PCV was negatively correlated to DNE and RFI, and uncorrelated to OPCR, SA, and tooth size (Table 6 ). Dental morphological wear resistance Linear DFAs on single topographic variables revealed PCV had the highest rate of successful classifications when platyrrhines and prosimians were separated. When platyrrhines and prosimians were combined, PCV had the second highest rate of successful classifications to DNE. Not surprisingly given the ANOVA results, OPCR performed the worst at predicting diet. When size was included, the percent of successful classifications improved greatly for all variables. The highest classification of all variables occurred in platyrrhines when PCV was combined with SA (90% successful classification). When all shape metrics (i.e., PCV, DNE, RFI, OPCR) are used, either with/without a size parameter, the percent of successful classifications ranged from 65.16-90.91%. As the percent of successful classifications is similar when just one shape metric is used with one size metric, and using all metrics risks overfitting, it appears the best model for reconstructing diet in primates consists of one shape metric (either PCV, DNE, or RFI) and one size metric.
PCV as an indicator of morphological wear resistance
Within this wear series of molars, these probabilities of wear (i.e., PCV values) correspond well with the portions of the tooth that experience wear (Fig 2) . Within unworn teeth, it does not appear to have the ability to discriminate between which cusps/crests or which portions of those cusps/crests will experience wear first, as this is a function of non-tooth shape parameters (e.g., chewing kinematics, food position, and dietary mechanical properties). For example, the tips of SK25's cusps appear to have higher PCV values than the sides of the cusps and all cusp tips appear to have similar PCV values. However, in the more worn specimens, it becomes apparent from the developing wear facets on the sides of the cusps that the cusp sides wear more than the cusp tips, and not all cusps wear at the same time (Fig 2) .
Once teeth begin to form wear facets, PCV appears proficient at providing higher values, and thereby probabilities of wear, to the wear facets. For example, the wear facets on SK1587b have higher PCV values than the surrounding areas, and cusps with large wear facets appear to have higher average PCV values than cusps with smaller wear facets. Once dentin is exposed, it provides lower probabilities to the dentin, which wears faster, than the surrounding enamel ridges. In nature, dentin wears faster than enamel, so one might expect the dentin pools to have higher PCV values than the surrounding enamel.
We believe it is acceptable for the dentin pools to have a lower average PCV when using PCV as a measure of morphological wear resistance for two reasons. First, the differences in wear rates between dentin and enamel is a function of differences in mechanical properties and not a difference in morphology, and PCV is calculated based on morphology, and not the underlying mechanical properties of the tooth. Second, PCV is being used as a probability of wear due to morphology: that is to say, it is only predicting that the shape of the enamel ridges makes them have a higher probability of wearing during a chewing cycle than the dentin pools, and this is true in nature. For a dentin pool to become deeper, the surrounding enamel must be worn away first, so the enamel ridges have a higher probability of wear than the dentin pools. If the dentin pools had a higher probability of wearing, they would become deeper at a faster rate than the enamel is wearing, and this does not occur after the dentin pools have formed. Only once the enamel is worn away does the dentin wear. One aspect of predicting wear that PCV may have trouble with is in assigning higher probabilities to dentin than enamel at the exact time dentin is exposed, before the dentin pool forms.
Two aspects of dental morphology, relative tooth and cusp height, play dominating roles in determining average PCV. In general, molar/cusp sides are more obscured from ambient light shining from the occlusal direction than the occlusal surface. Therefore, relatively taller molars and/or molars with relatively taller cusps will have a lower average PCV than relatively shorter molars and/or molars with relatively shorter cusps. This is supported by the data presented in Fig 3, where dietary categories associated with relatively taller crowned molars and relatively taller cusps (i.e., folivores and insectivores), have lower average PCV than dietary categories associated with relatively shorter crowned molars with relatively shorter cusps (i.e., frugivores and hard-object feeders). It is further supported by the negative correlation between RFI, a measure for relative molar and/or cusp height, and PCV (Table 6 ) [17, 23] .
Conclusions
Recently, average ambient occlusion, quantified through PCV, was introduced as new dental topographic variable for quantifying morphological wear resistance, which could be used to predict dietary categories in primates. Here, we show a strong correlation between PCV and diet in two groups of primates, platyrrhines and prosimians, and that it performs as well or better than other topographical variables at predicting diet in Primates. Finally, we show how it is correlated to dental wear in a series of P. robustus teeth, and how it can be used to predict the parts of the tooth which will interact with the tooth, and, if the tooth has even low levels of wear, can be used to predict which parts of the tooth will wear further. 
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